Young bell pepper (Capsicum annuum L.) plants grown in nutrient solution were gradually acclimated to 50, 100, or 150 moles per cubic meter NaCI, and photosynthetic rates of individual attached leaves were measured on several occasions during the salinization period at external CO2 concentrations ranging from approximately 70 to 1900 micromoles per mole air. Net CO2 assimilation (A) was plotted against computed leaf intemal CO2 concentration (C1), and the initial slope of this A-Ci curve was used as a measure of photosynthetic ability. During the 10 to 14 days after salinization began, leaves from plants exposed to 50 moles per cubic meter NaCI showed little change in photosynthetic ability, whereas those treated to 100 or 150 moles per cubic meter NaCI had up to 85% inhibition, with increase in CO2 compensation point. Leaves appeared healthy, and leaf chlorophyll content showed only a 14% reduction at the highest salinity levels. Partial stomatal closure occurred with salinization, but reductions in photosynthesis were primarily nonstomatal in origin. Photosynthetic ability was inversely related to the concentration of either Na or Cl-in the leaf laminas sampled at the end of the experimental period. However, the concentration of Cl-expressed on a tissue water basis was greater, exceeding 300 moles per cubic meter, and Cl-was more closely associated (R2 = 0.926) with the inhibition of photosynthetic ability. Leaf turgor was not reduced by salinization and leaf osmotic potential decreased to a slightly greater extent than the osmotic potential decreases of the nutrient solutions. Concentration of accumulated Na and Cl-(on a tissue water basis) accounted quantitatively for maintenance of leaf osmotic balance, assuming that these ions were sequestered in the vacuoles.
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Irrigation agriculture is becoming increasingly associated with exposure of plants to injurious levels of salinity through the concentrating effect of evapotranspiration on dissolved salts in the soil water (7) . Most crop plants are salt sensitive (19, 22) , displaying a variety of visual symptoms during vegetative growth (leaf chlorosis, necrosis, and abscission; reduced growth rate; plant death). Physiological and biochemical responses include lowered leafwater potentials, increased stomatal resistance, altered ion relations, and slower net carbon assimilation rates (22) . Carbon plant growth and productivity, and a better understanding of the factors that contribute to its inhibition by excess salinity may provide future strategies for plant improvement.
Although several studies have shown that photosynthetic rates of salt-sensitive species are reduced by salinity (4, 5, 25, 29) , information on associated physiological changes occurring during the initial imposition of salt stress is lacking. Unavoidable uptake of specific ions by the plant, and accumulation of these in the leaves, is widely assumed to result in inhibition of photosynthesis (25) , but information on the threshold concentrations associated with inhibition of photosynthesis, and the relative importance of stomatal and nonstomatal components to net carbon dioxide assimilation is available for only a few species, and these may not represent the broad range of plant responses. In this study, we examine in detail the time course of changes in stomatal resistance, photosynthetic ability, Chl content, water potential, and ionic relations that occur in individual, attached leaves of bell pepper when plants are first exposed to NaCl salinity. All measurements were done on the sixth or seventh leaves to emerge after the cotyledons, these being the first leaves to mature into typical adult leaves. NaCl was added to raise its concentration 25 mol m-3 day-' until the desired NaCl concentration was reached. During salinization, nutrient solutions were changed at least three times per week, typically every other day, so that changes in both salinity and nutrient concentrations resulting from plant uptake were minimized.
MATERIALS AND METHODS

Plant
Gas-Exchange Measurements
Gas-exchange measurements were made on only one leaf per plant, and the same leaf was used on each occasion. Shading of the measured leaves was prevented as much as possible. Pots 
Autoradiography
Autoradiograms were prepared of leaves of control and treated plants after 7 d exposure to 150 mol m-3 NaCl using essentially the method described by Lauer et al. (15) . Conditions were as described for measurements of gas exchange, and once the steady-state rate of CO2 fixation was recorded, air circulation through the cuvette was shut off, and 14C02 (10 ,uCi = 370 kBq) was injected into the cuvette. Assimilation was for 120 s before freezing the leaf between metal blocks precooled in dry ice.
Leaf Elemental Analysis
At the conclusion of each experiment, the measured leaf was removed from the plant and that half of the leaf blade that was used for gas-exchange measurements was cut away from the midvein and fresh weighed. After drying at 70°C for 3 d, each part was dry weighed and finely ground with a mortar and pestle. Approximately 25 mg of dried leaf tissue was digested in a mixture of perchloric and sulfuric acids with selenium as a catalyst and diluted to a final volume of 75 x 10-6 m3. Concentrations of Na+, K+, Ca2e, and P were determined by inductively coupled plasma emission spectrophotometry. Chloride was determined in aqueous extracts of leaves using a Haake-Buchler chloridometer. Determination of total C and N was with dried and ground leaf tissue using a Perkin-Elmer model 2400 CHN elemental analyzer.
Data Analysis
Computations of A,3 stomatal conductance, C1, and leaf temperature were made using the equations of Von Caemmerer and Farquhar (26 (Fig. 1A) . Assimilation rates for this particular leafincreased up to 6 d, followed by several days during which they did not change. Other control leaves maintained a high rate ofassimilation throughout (data not shown). The position of the arrows on these curves ( Fig. 1 insets) indicates the extent to which stomatal resistance lowered Cj: at negligible stomatal resistance, the arrows would be opposite the near-ambient CO2 concentration of 290 to 310 umol mol' air. Photosynthetic rates at any level of CQ were not substantially affected by exposure of plants to 50 mol m-3 NaCl (Fig. IB) , remaining at the same high level as in controls. Plants salinized to 100 mol m-3 NaCl begin to show a decreased ability to fix CO2 (Fig. IC) on days 8 and 11. Despite this, the calculated leafinternal CO2 level corresponding to a near-ambient CO2 concentration applied externally, remained relatively constant (Fig. 1, B-D) . For example, arrows in the insets of Figure 1 for the first day are almost directly above the arrows for the last day.
Plants salinized to 150 mol m-3 NaCl showed more severe symptoms of salinity stress than those salinized to 100 mol m-3 and growth was much reduced. The youngest leaves were often yellowed and puckered between the veins, occasionally with necrotic margins. Older leaves, however, remained green and appeared healthy. Photosynthetic rates were dramatically lowered when compared with those at the start (Fig. ID), particularly at low CQ concentrations, including ambient air, when A was only about 15% at 10 or 12 d. There was partial closure of stomates, as evidenced by a decline in stomata conductance by day 11 (at 100 mol m-3 NaCl) and day 5 (150 mol m-3 NaCl), and at the highest concentration the leaf had virtually closed stomates by day 10 (Table I) . Control plants did not show a pattern of stomatal closure with time.
In vivo leaf Chl contents for each of the same leaves ( Fig.  2 ) increased throughout the experimental period for controls and 50 mol mr3 NaCl. For plants salinized to 100 mol mr3 NaCl, Chl increased during the initial days of the experiment, but then leveled off, whereas the 150 mol m-3 treatment caused leaf Chl content to decline about 14%.
The slope of the initial, nearly linear portion of the A-C curve provides a measure of relative photosynthetic ability. For convenience, these rates are expressed as a fraction of the maximum rate measured for each particular leaf, to minimize leaf-to-leaf variability within treatments. Rates of photosynthesis (initial slope of the A-CQ curve) and CO2 compensation points (Fig. 3) changed little with time in controls or in plants salinized to 50 mol m-3 NaCl. Plants treated to 100 mol m-3 NaCl showed a trend toward both elevated CO2 compensation points and lower initial rates. The same is true, but to a greater extent, for leaves from plants salinized to 150 mol m-3 NaCl.
Autoradiograms of the distribution of 14C after 120 s fixation failed to show any patchy incorporation of 14C02 at 10 d from the start ofsalinization (data not presented). For controls and salinized leaves (150 mol m-3) there was less 14C label over the major veins, but otherwise it was approximately uniform over the area of the leaf lamina.
Leaf Elemental Analysis
Leaf C, N, K, and P content (,mol g-' dry weight) showed little variation with treatment (data not presented). Calcium content of leaves declined a little with salinization (Fig. 4A) , whereas Na+ and CL-content both rose considerably from values corresponding to less than 0.1% of leaf dry weight to 2.8% for sodium and 6.2% for chloride. Concentrations expressed on a tissue water basis were greater for Cl-than for Na+ (Fig. 4B) (R2 = 0.000). For calcium (Fig. 5A) , the photosynthetic rate increased with greater Ca2" content of the leaves. The correlation between Na+ and the slope of the A-Ci curve was high (Fig. 5B) , as was the correlation between Cl-and the slope of the A-C1 curve (Fig. 5C) , with very strong inhibition of photosynthesis at increasing leaf content of these ions.
As the NaCl concentration of the outer medium was increased, leaf water potential decreased (Fig. 6 ). There were appreciable decreases in leaf osmotic potential with each increase in salinity, and turgor remained at, or was slightly above, control levels. Values for changes in the osmotic potential of the nutrient solution, resulting from increased Na+ and Cl-concentrations, are compared with changes in leaf water potential (Table II) . Decreases in leaf osmotic potential are equivalent to, or slightly larger than, decreases in nutrient solution osmotic potential arising from NaCl additions. The availability of water to the plant, at least from an energy viewpoint, is therefore not reduced by salinization. Further, the change in osmotic potential in the leaves is greater than in the salinized solution. Such changes in leaf osmotic potential can be readily accounted for by the accumulation of Na+ and Cl-, which amount to 65% of all osmolites at 150 mol m-3 NaCl levels.
DISCUSSION
Gas Exchange
During the experimental period, the rates of photosynthesis of leaves of control plants either increased or remained high ( Fig. 1) sure also occurred at this time (Table I) , it does not appear to have caused the reductions in photosynthesis; the reasons are similar to those discussed by Matthews and Boyer (20) for leaves acclimated to water deficit. As can be seen in Figure 1 , stomatal closure did not restrict CO2 entry into the leaf enough to reduce internal CO2 levels. Because mesophyll cells were equally well supplied with CO2 both before and after salinization, reductions in photosynthesis must have been primarily at the nonstomatal, biochemical level. Similar results have been found for salt-affected rice (29) "Valencia" orange (16) , and Phaseolus bean (25) .
For all treatments in which leaf Chl content declined, the effect was small relative to the change in photosynthetic rate. For example, for the leaf treated to 150 mol m-3 NaCl (Figs.   1 and 2 ), a drop of only 14% in leaf Chl content at 210 /tmol mol' internal CO2 was accompanied by an 80% drop in photosynthesis. Because of this, loss of Chl is unlikely to be the primary cause of photosynthetic degeneration for salinized bell pepper. Similar conclusions have been drawn for Phaseolus vulgaris (25) exposed to NaCl salinity, although Downton et aL. (5) found that Chl breakdown could fully account for decreased photosynthesis in salinized spinach.
The initial slope of the A-C, curve is a convenient measure of photosynthetic ability, and greater decreases in A-Ci curve slope were observed with both increased salinity level and time of exposure to the salinity treatment (Fig. 3) . Changes in A-Ci curve slope with salinization have been reported previously (16, 25) , and may indicate a lower activity of Rubisco, because the initial slope of the A-Ca curve is thought to be controlled mainly by the ability of the enzyme to fix CO2 (27) , provided that estimates of CQ are unbiased by heterogeneous stomatal behavior, as discussed below.
If stomata are not open uniformly across the leaf surface, and if leaf anatomy is such as to prevent lateral diffusion of CO2 from one area of the leaf to another (heterobaric structure), then calculated values of C1 can be in error (6, 24) . We do not believe that these errors are significant in this case. The salinity stress was applied gradually over several days, allowing for a more uniform stomatal response than might occur in short-term experiments; from microscopic examination of sections, bell pepper leaves are homobaric, i.e. do not have bundle sheath extensions to act as barriers to CO2 diffusion within the leaf; and autoradiograms failed to reveal "patchy" CO2 fixation (at 150 mol m-3 NaCl). Other recent studies (9, 28) indicate that heterogeneous stomatal closure is not common to all species, and may occur principally in response to sudden imposition of stress.
Commensurate with changes in photosynthetic ability, the CO2 compensation point also increased with severity of treatment and time of exposure (Fig. 3) . Comparable changes in CO2 compensation point have been reported previously for salinized barley (23) , where it increased from 38 to 70 Mmol Leaf concentrations of both Na+and C1-increase greatly with salinization (Fig. 4) Reduced calcium levels, either in the plant as a whole (18) or bound to membranes (2) , have been identified as one of the fundamental causes of the adverse effects of excess Na+.
Under the growth conditions we used, a lowering in total Ca2+ Water Potential Low water potentials have been shown to be closely linked to both stomatal closure and nonstomatal reductions in photosynthesis (1, 20) . In our study, leaf water potential decreases are unlikely to have caused stomatal closure because turgor remained at or above control levels for all treatments, and turgor maintenance in mature leaves of salinized bell pepper plants has been recorded by others (1 1). It can also be reasoned that changes in water potential were probably not directly causing nonstomatal photosynthetic inhibition in our experiments. Leaf water potential changes followed the osmotic potential changes in the nutrient solution resulting from NaCl addition, stabilizing by 2 d after the last NaCl increase. Plants maintained the water potential difference between leaves and the hydroponic solution as they must to prevent desiccation. It was later, during the period when water potentials were no longer changing, that photosynthetic rates dropped greatly.
The osmotic potential of leaves of salinized plants was lowered in large measure through the uptake of Na+ and Cl-. Bell peppers, however, do not seem to be able to carefully regulate this uptake, because more ions apparently were accumulated in the leaves than are necessary for osmotic adjustment (Table II) , on the assumption that the concentrations expressed on a tissue water basis are an adequate approximation of the concentrations in the vacuole. However,osmotic adjustment may not have taken place if very high concentrations of ions accumulated in the apoplast. Although the quantity of ions in the cell wall must be very small relative to those in the vacuole, they can be present at a sufficiently high concentration to greatly decrease water potential, thereby contributing to cell dehydration (8) . In conclusion, bell peppers may not be able to effectively exclude Na+ and Cl-from their shoots. Although these ions may contribute to osmotic adjustment of the vacuolar water, their accumulation is linked to depression in photosynthetic rates, possibly by injury at the chloroplast level.
